Arising from careful measurements of the thermal behaviour of enzymes, a new model, the Equilibrium Model, has been developed to explain more fully the effects of temperature on enzymes. The model describes the effect of temperature on enzyme activity in terms of a rapidly reversible active-inactive (but not denatured) transition, revealing an additional and reversible mechanism for enzyme activity loss in addition to irreversible thermal inactivation at high temperatures. Two new thermal parameters, T eq and H eq , describe the active-inactive transition, and enable a complete description of the effect of temperature on enzyme activity. We describe here the Model and its fit to experimental data, methods for the determination of the Equilibrium Model parameters, and the implications of the Model for the environmental adaptation and evolution of enzymes, and for biotechnology.
Introduction
Chemical reactions go faster as the temperature rises, but the inactivation of enzymes through protein denaturation also increases with temperature [1, 2] . Until recently, the influence of temperature on enzyme-catalysed reactions has been understood in terms of two parameters, G ‡ cat and G ‡ inact , which govern the temperature-dependence of the catalytic rate and the rate of enzyme denaturation respectively. Since denaturation is relatively slow, at very short assay durations (where denaturation is negligible), this 'Classical Model' has no optimum; at longer durations, the temperature optimum is dependent on assay duration. By inserting plausible values for G ‡ cat and G ‡ inact , it is possible to plot the effect of time and temperature on enzyme activity ( Figure 1A ). Any discrepancies between experimental data and this model have been difficult to quantify because activity and stability are usually measured under different conditions.
The Equilibrium Model
Recent observations indicate that the actual temperaturedependent behaviour of enzymes cannot be fully described Key words: biotechnology, enzyme activity, enzyme inactivation, Equilibrium Model, stability, temperature optimum. 1 To whom correspondence should be addressed (email r.daniel@waikato.ac.nz).
in terms of G ‡ cat and G ‡ inact ; in particular, enzyme activity reductions at high temperatures are greater than predicted from their stability [3, 4] . We have therefore developed a theoretical model [5] that incorporates an intermediate reversible equilibrium (eqn 1) between an inactive (but not denatured) form of the enzyme and the active form. X denotes the irreversibly denatured form of the enzyme.
E act
The equilibrium is characterized in terms of the enthalpy of the equilibrium, H eq , and a new thermal parameter, T eq , which is the temperature at which the concentrations of the active enzyme (E act ) and the inactive enzyme (E inact ) are equal and thus is the thermal equivalent of K m .
When plausible values for H eq and T eq , together with the same values for G ‡ cat and G ‡ inact as used for the Classical Model, are incorporated into simulated progress curves, it becomes apparent that, unlike the Classical Model ( Figure 1A) , the Equilibrium Model typically gives rise to a 'tent-shaped' three-dimensional rate-temperature-time profile ( Figure 1B ) with a temperature optimum at zero time. Since denaturation is insignificant over very short time periods, this implies a new and additional mechanism, more rapid than denaturation, for the reduction of enzyme activity as temperature increases.
The model can be generalized to allow E act also to undergo irreversible inactivation. However, in simulations, we have shown [5] that this has little effect on the shape of the three-dimensional rate-temperature-time profile, even if the rate of E act → X is assumed to be equal to that of E inact → X. Generalizing the model in this way also has the disadvantage of introducing a second G ‡ inact parameter, to define the new k inact . Finally, in validating the model with real data [6] , we find that four parameters (i.e. without allowing E act to undergo reversible denaturation) are sufficient to fit the Equilibrium Model to rate-temperature-time data.
We have validated the Equilibrium Model hypothesis by showing that all the 30 or so enzymes we have so far examined in detail conform to the predictions made by the Equilibrium Model of how enzyme activity varies with time and temperature (e.g. Figure 1C ) [6] . Parameters calculated from the experiment can be reapplied to the model to regenerate a three-dimensional graph as shown in Figure 1 (B); the data cannot be fitted to the Classical Model [6] . A selection of Equilibrium Model parameters determined for a number of enzymes is shown in Table 1 [7] .
Various proposals have been made from time to time to account for the effect of temperature on enzyme activity and stability. The idea of a temperature-dependent reversible equilibrium between active and inactive forms of an enzyme was proposed by Sizer [8] , but the model did not include the possibility of time-dependent irreversible inactivation. Time-dependent inactivation was considered by Wright and Schomaker [9] , who studied the inactivation of diphtheria antitoxin by heat, but no assumption of a rapid equilibrium was made, and the system was treated as one consisting of three first-order reactions. Their model differs from the Equilibrium Model in assuming that the 'activity' (which was based on a bioassay) is independent of temperature and also that both non-denatured forms are active. Lumry and Eyring [10] pointed out that the first-order behaviour of irreversible protein denaturation processes is often the result of the overall process being limited by a preliminary reversible step [11] , e.g. unfolding followed by aggregation. In the Equilibrium Model, the E inact form is not significantly unfolded: the description of the E inact → X step in the Equilibrium Model is not intended to preclude the presence of multiple steps in this process.
The experimental determination of Equilibrium Model parameters
The determination of Equilibrium Model parameters is most readily accomplished using continuous assays of enzymes whose behaviour is ideal, i.e. that the reaction is far from equilibrium, without inhibition by product or substrate, and that substrate is saturating, so that V max can be measured throughout the assay time course and temperature range. However, there are a large number of enzymes that do not fit these criteria, and methods are available for the reliable determination of T eq and H eq under ideal or non-ideal enzyme reaction conditions, along with a specified minimal amount of data required for accuracy [12] . One of the most likely sources of error for the determination of the Equilibrium Model parameters will be insufficient substrate present to saturate the enzyme, either due to solubility limitations, for example, or as a result of increases in K m [2, 3, 13] as the temperature is raised. Apart from this latter case, application of the Equilibrium Model to 'non-ideal' enzyme reactions can usually be achieved by restricting assays to the initial rate of reaction. Using this, it is possible to fit the experimental data for 'zero time' (i.e. initial rates) to the Equilibrium Model to determine G ‡ cat , H eq and T eq , although the time-dependent thermal denaturation The parameters of all enzymes are derived by fitting assay data to the Equilibrium Model and thus they relate to active enzymes in the presence of substrate and cofactor. The exception is the growth temperature optimum (T growth ) of the source organism, which is cited from various sources [7] . Abbreviations for the enzymes are as follows: AAA, aryl acylamidase; ACP, acid phosphatase; AKP, alkaline phosphatase; DHFR, dihydrofolate reductase; GDH, glutamate dehydrogenase; GGT, γ -glutamyltransferase; α-GLU, α-glucosidase; IPMDH, isopropylmalate dehydrogenase; MDH, malate dehydrogenase; PAL, phenylalanine ammonia lyase. 
The molecular basis of the Equilibrium Model
The Equilibrium Model redefines the thermally induced progression of an enzyme from the native/active form (F) to the unfolded form (U) (eqns 3 and 4) by inserting an additional form of the enzyme that is reversibly inactive, but not denatured or significantly unfolded (see below).
We have taken a number of approaches to identify the nature of E inact and of the transition defined by the Equilibrium Model. We know that the equilibrium between the active and inactive forms is rapid compared with the time needed to start an enzyme reaction in a spectrophotometer cuvette, since the enzyme, held at 0
• C, displays a decreased activity above T eq immediately after being added to start the reaction [6] : denaturation to the same extent takes approx. two orders of magnitude longer, i.e. a few hundred seconds (Figure 2 ). More than two-thirds of proteins for which time constants are available take longer than 1 s to unfold [14] .
We also know that agents that affect enzyme stability need not affect T eq or H eq , and that different substrates and Model to the experimental data shows that for this enzyme T eq is 53 • C. The enzyme is already 50% inactive at T eq (since, at T eq , [E act ] = [E inact ]) and is approx. 75% in the inactive form at 57 • C. Since the reaction is started by the addition of a few microlitres of ice-cold enzyme solution (where none of the enzyme will be in the inactive form), this 75% activity loss has taken place in the few seconds required to determine the initial rate at 57 • C. At the same temperature, a similar loss of activity due to denaturation requires of the order of hundreds of seconds.
cofactors for the same enzyme do affect these parameters but do not necessarily affect stability (M.E. Peterson, C. Monk, C.K. Lee and R.M. Daniel, unpublished work). Overall, it seems likely that the E inact species arises from conformational changes at the active site and that it is not significantly unfolded, but the evidence is indirect.
Data for enzymes derived from organisms with a variety of growth temperatures indicate that, for mesophiles and psychrophiles, T eq is usually 20-30
• C above the growth temperature, consistent with minimal loss of conversion into the E inact form at the growth temperature [7] . However, although the number of examples here is not large, enzymes from thermophiles seem to have T eq values closer to the growth temperature (Table 1) . Overall, the correlation between T eq and the growth temperature of the organism is better than that between G ‡ inact and growth temperature. H eq describes the 'steepness' of the conversion from E act into E inact as the temperature rises and is therefore a quantitative measure of the eurythermalism of the enzyme [7] , i.e. the ability of the enzyme to function over a wide temperature range.
If T eq and H eq are indeed active-site-linked phenomena, then our findings indicate that the active site of an enzyme has not only evolved to carry out metabolically effective catalysis, but also to control the way the enzyme responds to temperature in a more complex manner than is described by G ‡ cat .
Implications for biotechnology
Much work on enzyme stability has as its aim the raising of the useful temperature range for activity. The Equilibrium Model tells us that engineering an increase in stability alone ( G ‡ inact ) will not necessarily lead to enhanced activity at high temperatures: the effect of T eq may then limit activity unless T eq is also shifted to a higher temperature [15] . Therefore it will be important in any rational enzyme engineering to screen mutants for effects on T eq as well as on thermostability. Since the molecular basis of the equilibrium described by T eq is probably at the active site, achieving a change in T eq may be difficult to do without affecting K m or k cat ; on the other hand, mutations will have a clearly defined target area.
A major application of enzymes in biotechnology is in the area of biocatalysis. Using an enzyme in a batch reactor for chemical synthesis, intuition predicts that the higher the operating temperature, the faster the catalysed reaction, but also the less stable the enzyme. In fact, this is only generally true if T eq exceeds the working temperature of the reactor. If T eq is less than the working temperature, the reverse is true [15] .
Summary
A key feature of the Equilibrium Model is that it introduces a new mechanism by which enzymes reversibly lose activity as the temperature is raised, independent of, and much more rapidly than, denaturation. Moreover, the model fully describes experimental observations of the dependence of enzyme activity on the temperature of assay. The model has implications for enzyme engineering, enzyme screening and selection, for the operation of enzyme reactors [15] , and for the evolution of the temperature-linked properties of enzymes [7] .
